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MTIOML AWISOEY COMMmEE EOE AEEOMUTICS' 


ADVANCE REST2ICTBD REPORT 


PERFOPMAL^CE CHARTS FOR A TURDOJET SYSTEM 
By Benjamin Pinkel and Irving M. Karp 

SUMMARY 


Convenient charts are presented for computing the thrust^ fuel 
consump oion;, and other performance values of a turhojet system. 

These cnarts take into account the effects of ram. pressure ^ com- 
pressor pressiu'e ratio ^ ratio of comhustion-chamher-outlet temper- 
ature to atmospheric temperature ^ compressor efficiency ^ turbine 
efficiency, combustion efficiency, discharge -nozzle coefficient, 
losses in total pressure in the inlet to the Jet-propulsion unit 
and in the combustion chamber, and variation in specific heats 
with temperature . The principal perfonnance charts show clearly the 
effects of the primary variables and correction charts provide the 
effects^ of the secondary variables. 

The performance of illustrative cases of turbojet systems is 
given. It is shown that maximimi thrust per unit mass rate of air 
ilow occurs at a lower compressor pressure ratio than minimum 
specific fuel consumption. The thrust per unit mass rate of air 
flow increases as the combustion- chamber discharge temperature 
increases. For minimum specific fuel consumption, however, an 
optimum combust ion- chamber discharge temperature exists, which in 
some cases may be less than the limitixig temperature imposed by the 
strength temperatiire characteristics of present materials. 


BITROLUCTION 

The Jet -propulsion system consisting of a compressor, a com- 
bustion chamber, a turbine, .and a discharge nozzle, which is generally 
kno^n as the turbojet, is now under extensive development for the 
propiasion of high-speed airplanes. 
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An analysis was me.de of the performance of such a S 3 ?" stem at the 
TIACA Cleveland laboratory during 1944 for the purpose of pro\riding 
convenient charts from which the performance of this system can be 
q^^ic}.d.y and accurately obtained for any given set of operating con- 
ditions and system parameters. An attempt was made to predict accu- 
rate values of actual perfomic^nce by the . Introduction of factors 
that account for the change in physical properties of the gas as it 
passes through the cycle aiid the effect of the civange in mass by the 
addition of fuel. The charts take into account turbine efficiency^ 
compressor efficiency^ combustion efficiency'' ^ discharge -nczzle 
coefficient; losses in total pressure in the inlet duct and combus- 
tion chamber; ambient atmospheric conditions; flight velocity; com- 
pressor pressTire rauio; and combust ion ‘-chamber-cutlet total tempera- 
ture. These variables are gro'uped in a few simple charts from which 
their effects on perfoimance can be readily obtained. The charts 
and the anal 3 ^sis are presented herein. 

The performance of the subject Jet -propulsion system is given 
for several interesting cases to illustrate some of the character- 
istics of the system. 

AI^ALYSIS 


A anagram of the turbojet is shown in figl^re 1. Air is inducted 
into the intake of the unit and de3.ivered to the compressor inlet. 
Part of the d 3 -naTiiic pressure of the free air stream is converted into 
static pressure at the compressor irlet by the diffusing action of 
the inlet duct. The air is further compressed in passing through^ the 
compressor and is delivered to the comb'ustion chamoer where fuel is 
injected and burned. The products of combustion then pass through 
the turbine nozzles and buckets where an appreciable drop in pressure 
occujrs and finally are discharged rearwardly through the discharge 
nozzle to provide thrust . 

The variables affecting the performance are divided into a 
priiaary group and a secondar 3 ^ group. The variaoles of the primary 
group are shown on the principal charts for determining the perform- 
ance of the Jet -propulsion unit. The variables of the secondary 
group are shown on an ainciliary chart for determining a factor e 
usually close to tmity^ which also appears as a variable on the prin- 
cipeil perfoiman.ce charts. 

The primary group of variables Includes; 

(a) Compressor efficiency ^0 

(b) Compressor total -pressure ratio Pg/Pi 
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(c) 

(d) 


(e) 

(f) 
(s) 
(h) 

The 

••(a) 

(h) 

(c) 


Bii mer -ef f i c iency 

Rati,a of ccmlmBticniH3hambe-rw:a»tiet toba.1 +/6iaperature to 
free ataoepheric temperature T^/Tq 

Turbine efficiency 

Airplane velocity 

Atmospheric tempei’atiire T 

o 

Di scharpe -nozzle velocity coefficient Cy, which includes 
losses in the tail pipe following the tiirbine 

I 

secondary group Includes; 


Drop in total pressure acrosa the Inlet ducting caused by' 

friction and turbulence Apj 

•^a 


Drop In total pressure across the combustion chamber caused 

by both the mechanicul. obstruction of the burners and the 

momentum increase of the gases dui’lng combustion Ap/ x 

( 2 -4 j 


Effect of the difference between the phys-cal properties of 
hot exhaust gases during the expansion processes and cold 
air (The effect oi’ change in specific heat of the gas 
during the other processes is included in the nrlncipal 
charts . ) 


A chart Is given from which a factor e can be obtained ccrre 
spending to the values of the secondary group of variables. This 
factor £ appears in the parameters on the principal performance 
charts, 


The compressor efficiency in this report is defined as the 

isentropic work done in the compressor, including the difference 
between the kinetic energy of the air at the compressor outlet and 
at the compressor Inlot, divided by the compressor shaft work. The 
turbine efficiency as defined in this report is the shift work 

divided by the difference between the isentropic work available in 
expanding the gas I'rom turbine inlet conditions to the static pres- 
sure at turbine d-scharge and the kinetic energy of the gas at the 
turbine discharge. It is emphasized that, in these definitions of 
compressor and turbine efficiencies, the kinetic energy of the gas 
leaving the compressor or turbine is not charged against the respec- 
tive unit as an energy loss. ' 
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The symbols used solely in the derivations of performance equa- 
tions are listed in appendix A. The significance of the symholc 
appearing in the charts and in the subsequent iiscussion are as 
f ollows ; 

A ratio of compressor pressure ratio P 2 /P 1 reference 

pressure ratio (Pg/Pi^ref 


a, h, c 


'pa 


F 

f 

h 

J 

M 

P 

c 

Po 

Pi 

pp 

APd 

^P(2-4) 


factors that measure effects produced by secondary 
■variables 

velocity coefficient of discharge nozzle 

specific heat of air at constant pressure at Tq = 519'^ E, 
7.73 (Btu)/(slug) (°F) 

net Jet thrust, (lb) 

fuel-air ratio ' 

lower heating value of fuel.' (Btu/lb) 

mechanical equivalent of heat, 778 (ft~lb/3tu) 

mass rate of air flow, (slug/sec) 

compressor -shaft horsepower input 

atmospheric free-air static pressure, (Ib/sq ft absolute) 

total pressure at compressor inlet, (Ib/sq ft absolute) 

total pressure at compressor outlet, (Ib/sq ft absolute) 

drop in total pressure across Inle't duct, (Ib/sq ft) 

over-all drop in total pressure across combustion 

chamber due to mechanical obstruction of the burners 
and momentum increase of gases d'urlng combustion, 
(Ib/sq ft) 


Tq a'fcmospheric temperature, (^) 

Tj^ compressor-inlet total temperature, (®E) 

T2 compressor-outlet total temperature, (°E) 

T4 combustion-chamber -outlet total temperature, (°E) 

airplane velocity, (ft/sec) 
o 
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"^5 _gaa vel cx;:‘.t,y 'at turbine discharge, (ft/sec) 

.jet velocity, (ft/aec) 

tj 

^ increase in ,1et velocity due to effect of turbine-loss 

reheat, (ft/sec) 

veight flow of fuel, (lb /hr) 

f ratio of rail temperature rise to free-air atmospheric 

terauerature , V J c T 
’ 0 pa o 

Z ratio of ccrapreasor power per unit mass rate of air 

flew to enthaipy of air at tenperature T , 

550 P/jc,„MT. . ° 

C ' j-'cL o 

ratio of specific heats of air 

£ correction factor chat accounts for over-all effects 

prciuced by secondary variables 


T] compressor efficiency 

c 

efficiency of conbustion of fuel in combustion chamber 
'1 p turb i ne ef f ic lency 




ef 




^ J1 

-L ^ cL 


(P„/Pt) also C{jual to the connrsssor pressure ratio for maxinuin 
- ref '• 

thiust per unTt mass rate of air flow when the rate of change of £ 

with compressor pressure ratio ■’a nugligible. 


All velocities are axial and all excent V_ are relative to the 
unit. ' ^ * 


Thb equations froia which the charts are prepared are listed in 
appendix B and are derived in appendix C. 

In sone cases; when a large pressure droj) occurs across the 
final Jot-discharge nozzle^ reheat associated with the energ;- losvses 
in the ’curMne has an appreclahle effect on tlie Jet velocity. A 
chart is given whereby the effect of reheat on the Jet velocity can 
be readily detemn^ned. 
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DISCUSSION OF CHART'S 


Useful equations. - ITie net thriust of the turbojet, 
when tho“offoct of the fuel weight is neglected, is given by the 
equation 

F = M (Vj - Vq) 

When the effect of fuel wel.^it is included, the thrust Is given bj 

F = M (V. - V) + f M Vs (li'O 

JO J 

The net thrust horaepowor thp is given h;),’ 

thp = F V^/550 (2) 


The compressor-shaft horsepow.or per slug per second of air la 
expressed as 

Pc/M = J '!pa To Z/550 I 


= 5675 Z (T^SIS) 

The compress or -inlet total temperature is obtained from 

T,/T = 1 + Y 
-h' o 




(4) 


The fuel consumption per unit mass rate of air flow is given 
in terms of the fuel-air ratio by the following relation 


W^/M = 115,920 f (5) 

By means of equations (1) to (5) and the curves of figures 2 to ^ 
the performance of ■ the turbojet engine and some associated quantitTos 
of Interest can be readily determined. The curves are given in a 
form which shows the effects of the Important variables and enables 
either very accurate computations or rapid but less accurate compu- 
tat ions to be nade. , 

Curves for obtaining the flight Mach nuiber^ the values of Y, 
and the compress_or- inlet total pressure for various values of the 
factor V^ '^%19 /t ^ are shown in fig-ore 2. The compressor-inlet 
total temperature is obtained from the value of Y and equation (4). 


The quantity q Z is plotted against tne com.pressor total- 
pressure ratio and Y in figure 3. The compressor power (and hence 
the turbine power) is computed from equation (3) and the value of Z 
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Trie effect of the variation in the specific heat of air during com- 
pression is neglected in this plot^ the error introduced being loss 
than 1 percent for the range of comFressor pressure ratios shovn in 
figure 3 and for compressor inlet temperatures up to 550° R. 


The value of 

T4 / 1 

"ic^tV ( — 


1 + 1 , 


(P2/Pi)ref plotted against the factor 
is also given in figure 3. The actual compressor 


(Pg/Pi) 


ref 


defines 


) ^ if the rate of change of the 


pressure ratio Pg/Pp divided hy the quantity 
the value of the factor A used in figure 4(a) c This quantity 
^^2/5l)ref useful in that it is equal to the coDipressor pressure 
ratio for maximum thrust per unit mss rate of air flow for any 

T4 f 1 

given value of •’—( 

Tq \ 1 + Y / 

factor c with respect to a change in pressure ratio is negligible. 
The factor c is one which accounts for the effects of pressure 
losses in the inlet duct to the system>> pressure drop in the com- 
bustion chamber, and the deviation from the value of the specific 
heat of air at 519^ R of the specific heats of the gases during the 
expansion through the turbine and the nozzle. In a well designed 
system the value of £ is close to or slightly greater than unity 
and does not vary appreciably with P 2 /Pi^ 


When the change in € with P 2 /P 1 is appreciable, then 
(p2/Pl)ref less than the compressor pressure ratio giving maxi- 
mum thi’ust per unit inass rate of air flow; however, even in this 
case the 'thrust per unit mass rate of air flow corresponding to 
(P2/pl)ref is generally within 1 percent of the true maximum. Hence 
figure 3 permits a rapid approximation of the pressure ratio for 
mximum thrust per unit mass rate of air flow. 


The main performnce chart for determining the Jet velocity is 
shown in figure 4(a), From the left-hand set of curves of figure 4(a), 




the Jet -velocity factor V 
T 4 

tion of ^ ihe parameter A 

^‘o 




\ 




can be determined as a func- 
or 1/A for zero flight 


speeds (When A is less than unity, the value of 1/A is used in 
reading values from fig. 4(a)^*) The Jet-velocity faxtor can be obtained 
from airplane velocities other than zero by moving horizontally across 
the graph to the desired velocity curve on the right-hand set of curves 
and then reading the value on the lower abscissa. The thrust can 
then be computed from the value of Vj and equation (la)o As previ- 
ously mentioned, the value of A is found by dividing the compressor 
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pressure ratio P2/P1 "'^y value of (P2/pi)^^|. oVcained from 
figure 3 corresponding to the values of tho parameters €, 

Tq, and Y "being investigated. 

It is noted in figui-e 4(a) that for given values of 
T4., and Tq, if c remains constant as P2/P1 ^ varies, then 

the variation of jet velocity with pressure ratio occurs along tne 

m 

constant n tij. c frr— line. In this case, V ^ has a maximum value 

c ‘u j 

when A .is equal to unity, which occurs at a pressure ratio equal 
to (P2/pq)^,j.^^ • Actually, however, foi- a given vmit as P2/P1 

"^4 

va‘''’ics, the value of c changes slighpry and hence ^ 

o 

changes, with tho result that Ya has a maximum value for a value 
of P2/fl somewhat greater than (P2/Pi)j,^|>* should also "be 

noted that (P2/Pl>^Qf changed oy the change in £ and this now 
value Biust "be used in computing the new value of A when P2/P1 
varied. In ai\v event, the value of Vj corresponding to A = 1 is 
a close approximation to the jot velocity for maximum thrust per unit 
Blass rate of air flow M for a given sot of values of T^, and 

component efficiencies. 

Hio losses in kinetic energy in tho turbine passages appear as 
heat energy in the gas leaving tho turbine. This energy will "bo 
termed "turbine-loss reheat." If there is further expansion ox the 
gas in passing through tho jet nozzle (caused by a reduction in 
static pressure in passing from tho turbine exit to the jet -nozzle 
exit), a conversion of nart of tho turbxnc-loss reheat to kinetic 
energy occurs in tho jeL If, however, the velocity at tho turbine 
exit is substantially equal to the final jot velocity, no further 
expansion cccurs and no kinetic energy is recovered from^ the -curoxiic- 
loss reheat. The ounces of figure 4(a) correspond ^ to this case. 

Tho ratio of tho increase in jot velocity to tho final jot volocxtj 
AV-/V- obtained when tho velocity at the turbine discharge "V5 is 

lois than tho final jet velocity is shoim in figure 4(b). 

Figure 4(b) shows tliat AV_^/"Vj = 0 when CyVg/Vj = 1 for all 
values of turbine officioncy. It is also noted that 
approaches 0 as turbine officioncy approaches 1 for all ^values of 
0 V-/V^ becauso tho turbinp-loss reheat approaches 0 witn j.ncrcasc 

in turbine efficiency. 
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It is evident from figm’e 4(t) that^ for a given turtine effi- 
ciency^ the smaller the ratio of the greater is the 

recovery of turhine-loss reheat. Decrease in turbine -discharge 
velocitj'' V5 is obtained by increase in annular area swept by the 
turbine buckets. Bucket stress is one of the px*incipal limitations 
on bucket height and thus on bucket -annulus area. 

The compressor -outlet total temperature T2 plotted against 
the factor Tq (1 + Y + z) is shown in figirre 5. This curve 
includes the variation in the specific heat of the air during com- 
pression and was computed using reference 1. 

The fuel-air ratio factor Tiff is plotted in figure 6 against 

T4 “ Tg (the rise in total temperature in the combustion chamber) 

for various values of T^. These curves were constructed using 
data on specific heats of air and exhaust-gas mixtures given in 
reference 2 and are for a fuel having a lower heating value of 
18,900 Btu per pound and a hydrogen-carbon ratio of 0.185. For 
fu.els having other values of h, the value of f given in fig- 
ure 6 is corrected accxurately by multiplying it by the factor 
18,900/h. The effect of the hydrogen-carbon ratio of the fuel 
on f is generally small and for a range of hydrogen-carbon 
ratios from 0.16 to 0.21 the error due to the deviation from the 
value of 0.185 is less than one -half of 1 percent. The fuel con- 
sumption per unit mass rate of air flow is obtained from the value 
of f and equation (5). 

The value of e , which takes care of’ the effect of the second- 
ary group of variables, is obtained from figure 7. The quantity e 
is given by the relation e =l-a-b+c, where a, b , and c 
are given in figure 7 . The effect of the drop in total pressure 
across the inlet duct Apd is shown in figure 7(a). The effect of 
the over-all drop in total pressure across the combustion chamber 
Ap(2-4) is introduced in figure 7(b). Reference 3, which discusses 
combustion in a chamber of constant flow area , is xiseful in evalu- 
ating the momentum-pressure drop in the combustion chamber. A 
correction for the difference between the physical properties of the 
hot gases and the cold air, involved in the computation of the 
expansion processes through the tvu’bine and the Jet nozzle is given 
in figure 7(c). Although c does not differ appreciably from unity, 
a change in e of 1 percent in some cases may Introduce a change of 
several percent in the thrust . 

In the discussion of the charts, the effect of the weight of 
injected fuel was not mentioned. It is shown in appendix C that 
the effect of the weight of fuel on the Jet velocity can be taken 
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-into account by using for the value of in the charts the product 

of the actual turbine efficiency and (1 + f). This term appears in 
T y- S? 

the factor r\ iv. c ^ (zr~-] in figure 3 used in finding (PgAi) 

C U Q ^ ^ ^ 

and in the factors ^ ^ lAc^t'^^v^ 

lire 4(a). The value of deterrained is then used in equation (IbJ 

which takes into account the additional weight of fuel introduced. . 

I 

As an example of the use of these ^figures, consider a system 
having the following performance and operating parameters: 

1. Compressor efficiency q 0.80 

2. Turbine efficiency q 9 . • 0.90 

3. Combustion efficiency 0.97 

4. Discharge -nozzle velocity coefficient C.^. 0.96 

5. Airpiane velocity (ft/sec) 733 

6. Compressor total -pres sure ratio Pg/Pq ^ 

7. Atmospheric free-air static pressure' p ^ (in. Hg) .... 29. S 

8. Atmospheric temperature T^;, C^R) 519 

9. Combustion-chamber-outlet total tempez-ature T^_, (‘■'e) . . 1960 

10. Drop in total pressure across inlet duct Ap^,. (in. Hg) . . 0.5 

11. Drop in total pressure across combustion chamber 

^P( 2 - 4 )^ (in. Hg) - 3 

12. h, (Btu/lb) 18,500 

(a) Determ ina tion of Y and fl ight Mach number 
From items 5 and 3 

■ 

From item 13 and figure 2 

14: , 0.0861 

15. Flight Mach numbei- 0.656 

(b) Deter m ination of Z and compressor pow er 

Using items 6 and 14, read on figure 3 

16. T) Z 0.7,26 

c 
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From items 16 and 1 

17. Z 0.908 

Using items 17 and 8 in equation (3) the compressor pover per unit 
mass rate of air flow is 

18. (hp)/( slug/sec) 5153 

(c) Determination of fuel-air ratio and fuel consum'otion 
From items 8, 14, and J7 

19. Tq (1 + Y + Z), (°E) 1035 

Using item 19 and figure 5 

20. T2, (°R) ' 1025 

From items 20 and 9 

21. T4. - Tg, (°F) 935 

From items 21 and 9 and figure 6 

22. T)^f . . 0.01372 

Using items 22 and 3 

23. f 0.01414 

Since the lower heating value of the fuel is equal to 18,500 Btu per 

pound (item 12), item 25 has to be multiplied by the factor 

and the adjusted value is 18,500 

24. f 0.01445 

From item 24 and equation (5) 

25. W^/m, (]b/hr)/( slug/sec ) 1675 

(d) PetoKJ-lnatlon of the factor g 

From figure 2 and item 13 
Pi + AP.1 
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FroEi items 26, 10, and 7 

27 . ^ 

Pi 

while from items 7 and 11 

App 

28. -- . . . 

J^'o 

and from items 14 and 16 

29 . Y + n Z 

C 

Using items 27 and 29 in figixre 7(a) 

30 . a 

Using items 28 and 29 in figure 7(h) 

31. h 


Fi-om items 26 , 10 , 7 , and 6 


32. 


P2 


which when used with items 9 and 24 in figure 7(c) gives 


33 . c .... 

From items 30 ^ 31^ and 33 

34. € = 1 - 0.005 - 0.004 + 0.034 

(e) Determination of (P2/Pl)ref ^ 


Using items 1, 2, 34, 9, 8, and 14 

1 V 2 

35. n n.'V-r* „ 

c t --o 1 1 + Y 


From item 35 and figure 3 



Dividing item 36 hy item 6 


0.013 


0 . 10 ; 


0.812 


0.005 


0.004 


7.91 


0.034 


1.025 


2.363 


4.50 


37. A 


1 .333 
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( f ) Det er minati on o f ,^et vel ocity , net thrust per u nit ma ss 
rate of air flow, and otfeer performance qiiantities 


Using items 1, 2, 34, 9, and 8 


38. 


Tr 


2.737 


From items 38, 37, 13, and figure 4(a) the Jet-velocity factor is 


39. V; 


(lent 


(ft/sec) 1806 


and from Items 33, 1, 2, 4, and 8 

40. Vj, (ft/sec) 


2044 


The net thrust per unit mass rate of air flow is ohtalned_from 
items 40, 5, and equation (la) 

41. F/M, (lt)/(slug/sec) 1311 

The thrust horsepower per unit mass rate of air flow is calculated 
from items 41, 5, and equation (2) 

42. thp/M, (thp)/(slug/sec) 1747 

From items 25 and 41 


43. ¥^/f, (lb/hr)/(lb thrust) 1.278 

and from items 25 and 42 

44. ¥f/thp, (lb) /(thp-hr) 0.959 


(g) Effect of the weight of injected fuel and turbine -los s 
re heat on jet velocit y an d thrust 

Where more accurate results are desired, the calculations are 
made taking intp account the effect of the weight of fuel introduced 
and the effect of turbine-loss reheat. The effect of the fuel on 
Jet velocity is handled by using for the value of the product 

of the turbine efficiency and (l + f). This will nox^ be done for 
the case just considered. 


From items 24 and 35 


45. 


2.396 
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From figure 3 the corroBP'caidirig 

*»■ ('■sAl're' 4.61 

From items 6 and 46 

47. A 1-20 

Similarly accounting for fuel flow, item 38 ■becomes 



so that from items 47, 48, and 13, and figure 4(a) 

““ 

Again taking into account the effect of fuel by adjusting the 
r. term 

Xf- 

50. V.,(ft/sec) 2065 

vhich differs from item 40 by 1 percsnt 


The effect of reheat may be important when is ccnsiderabiy 

less than unity and the velocity at turbine discharge is appreciably 
less than the final Jet velocity.. Let it be assumed in the example 
being discussed that the turbine is designed to have a discharge 
velocity of 

51. (ft/sec) 700 

l 

Then from items 4, 50, and 51 




CyVs/Vj 


0.33 


i rom items 8, 9, and 17 

T4 


53. 


To Z 


4.16 


From figure 4(b) corresponding tc items 2, 52, and 53 


54. AVj/Vj O-Oi-2 

and from items 50 and 54 

55. AVj, (ft/sec) ; 25 
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Using items 55 and 50 

56. Corrected Tj, (ft/sec) 2090 

Thus in this case, reheat provides an additional 1 percent increase 
in the value of Vj. 

The thrust per unit mass rate of air flow is obtained from items 56, 
5, and equation (ih) 

57. f/m, (ih) /(slug/sec) 1357 

compared vath 1311 where the effects of fuel and reheat were 
neglected. 

From equation (2) and Items 57 and 5 


58. thp/M, (thp)/( slug/sec) 1806 

and using items 25 and 57 

59. W^/F, (lh/hr)/(lh) 1,234 

and items 25 and 58 give 

60. Wj/thp, (ih/thp-hr) 0.926 


(h) Og'timum thrust per unit mass flow of ai r 

The value of V, corresponding to (p /p ) is very close to 
J 21 ref 

the value of Vj giving maximum thrust per unit mass rate of air flov: . 

The compressor pressinre ratio P 2 /P 2 maximum f/m is slightly 

greater than (Pg/Pq^ref ^®cause of the increase in £ with pressure 

ratio. The value of the maximum f/m and the corresponding value of 
P 2 /P 1 obtained by computing Yj for a range of values of 

/Pl)ref method 

previously illustrated for a compressor pressure ratio of 6 . From a 
plot of against P 2 /Pq 'the maximum value of Vj (and hence 

f/m) and the corresponding value of P 2 /Pq read. This 

computation for the previously illustrated case was made and the 
results are presented in the following table. 

The effect of the weight of fuel and the turbine-loss reheat were 
neglected in calculating the values given in the table . Since 


vicinity of and greater than (p 2 
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item 36 gave a value for (Pg/Pi^^ef range of compressor 

pressure ratios chosen started at this value. In the calculation of 
G the values of Ap^ and Ap^2-4) assumed to remain constant 

at the values given in items 10 and 11, as P 2 /P 1 varied. 


i 

1 

c 

( 

1 

T 4 I 

To 

1 


A 

( rt\ 

f/m 

/ lb \ 

w^/m 

( lb /hr \ 

w^/r 

'lb/hr\ 

VseC/ 

*“~T 1 

'|lug/ secy 

1 slug/ secy 

^ lb ; 

4.5 

1.017 

2.765 

4.44 

1 .014 

2049 

1316 

1820 

1.383 

4.8 

1.019 

2.771 

4.46 

1.076 

2051' 

1318 

1790 

1 .358 

5.0 

1.020 

2.773 

4.46 

1.120 

2052 

1319 

1770 

1.342 

5 .2 

1.021 

2.776 

4.47 

1.163 

2051 

1318 

1751 

1 .329 

5 .6 

1.023 

2.782 

4.49 

1.247 

2049 

1316 

1713 

1.302 

6.0 

1.025 

2.787 

4.50 

1.333 

2044 

1311 

1675 

1.278 


The table shows the increase in e with increase in pg/pi- 

This causes an increase in the value of and the correspond- 

■^o 

ing value of percentage increase in A is slightly 

less than the percentage increase in P 2 /P 1 because of the increase 

in ^P2/^l^ref * maximum value of f/m is 1319 as compared with 

a value of f/m of 1316 obtained at a compressor pressure ratio of 
4.5 vhich-was the (Pg/Pl^v^ef previous example (see item 36). 

The values of Yj and f/m varied so slightly over the range of 

compressor pressure ratios from 4.5 to 6.0 that they were calculated 
using the formulas given in the appendixes rather than using the 
charts in order to detect the variation. It is noted that the true 
optimum occurs at a Pg/Pp about 5 .0 which is about 11 percent 

greater than the Pg/p^ of 4.5. If a maximum value of f/m is the 

main design consideration, it is doubtful that the additional compli** 
cation to obtain the higher compressor pressizre ratio is warranted 
by the small increase in f/m obtained. However, for the case where 
a higher compressor ••discharge pressure results in an increased mass 
flow of gases through the engine (for example, when sonic flow in the 
turbine nozzles instead of in the compressor limits the gas flow 
through an engine), the increase in F is greater than the Increase 
in F?M, so that higher values of P 2 /P 1 W justified. When 

fuel consumption is also an important consideration, the Increase in 
compressor pressure ratio may be desirable as indicated by the values 
of W|*/f in the table . 
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JET-PR0PIIL3I0N-UNIT PERFCEMANCE 

For illustration of the perforiflance and some of the char- 
actei’istics of the turbojet system., several cases of interest will 
he discussed. 

The foi.lo^ring parameters are assumed: 


Compressor efficiency . . . . 0.85 

Turbine efficiency r)^ 0,90 

Discharge -nozzle velocity coefficient C . , 0.97 

Combustion efficiency 0.96 

Heating value of fuel h", (Btu/lb) • 18,900 

e . . , 1.00 


These compressor and trcrbine efficiencies are not unreasonably 
high when it is considered that in the definition of efficiency in 
this report the compressor and the turbine are credited with the 
kinetic enei'gy of the gases at the compressor and turbine exits, 
respectively. 

The computed turbojet performance in this illustrative case 
includes the contribution of the fuel weight. 

The values of component efficiencies and e for any given 
turbojet engine Tiary with altitude and flight speed. In t.he present 
computations, the component efficiencies and e were assumed con- 
stant at the values listed; hence, the illustrative curves represent 
the performance of a series of turb.ojet ei'^gines having the listed 
characteristics. One curve is also given for a case in v.hich the 
variation of e with compressor pressure ratio is considered. 

When Vq =0, Tq = 519° R, figure 8 shows the rate of fuel con- 
sumption per unit thrust and the static thrust per unit mass rate 
of air flow plotted against the compressor pressure ratio for var.ious 
values of the gas total temperature at the combustion-chamber exit. 

It is noted that minimum specific fuel consumption occurs at a higher 
compressor pressure ratio tlian inaximum thrust per unit ma.ss rate of 
air flow. A curve for Tp = 1960° R where the variation in € with 
P 2 /P 1 is considered is also shown in figure 8. For this c'oi've, 
values of = 0.C4 and hp^2-4)/Po “ 0,10 were chosen and . 

assumed to remain constant . (For a given unit, however, Ap^2-4) 
will also varcy with Pg/Pp so that the determination of the actual 
variation in e with compressor pressure ratio becomes quite com- 
plex.) It is Seen from figure 8 that the value of compressor pressure 
ratio for a maxim.um value of f/m is greater for the case where p 
varies with pressure ratio than for the case where £ is assumed con- 
stant; and that the peak value of F/M for the first case is slightly 
highei’ than that for the second case. 
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Figure 9(a) is a replot of figure 8 and shows compressor pres- 
sure ratio and fuel consumption per unit thrust plotted against 
thrust per unit mass rate of air flow. Similar curves are presented 
in figures 9(h) and 9(c) for other combinations of atomospheric tem- 
perature and airplane vel.ocity. A scale of specific fuel consump- 
tion in pounds per thrust horsepower -hour is added on figures 9(h) 
and 9(c). 

The amount of air handled hy a' unit is limited hy the diameter 
of the unit. When high thrust per unit mass rate of air flow rather 
than low specific fuel consumption is the primary ccnsideraticn;, it 
is apnarent 'from figure 9 that high comhustion-chamher discharge 
temperatures should he used.. High thrust is the more important con- 
sideration in take-off, climb, and maximum-speed operation. 

The curves of figure 9 show that, with no limitation on com- 
pressor pressure ratio, higher thrust per unit mass rate of air flow 
and lower specific fuel consumption can he obtained hy increasing 
the ccmhustion-chamber-outlet temperature until the value giving 
minimum specific fuel consumption is reached. For figures 9(a), ^ 
9(b), and 9(c), this temperature is less than 1460° E, about 2210 
and 1710° E, respectively. Further increase in temperature permits 
an increase in thrust at the cost of increase in specific fuel con- 
sumption, As the gas temperature at the com.Dustion-chamher outlet 
is increased, a large increase in compressor pressure ratio is 
required to maintain nearly minimum specific fuel consumption. 

If the available compressor pressure ratio is limited, the 
combust ion-cha.mber -outlet temperature for minimum specific fuel con- 
sumption is very sensitive to the other operating conditions. For 
example, at a limiting compressor pressure ratio of 4, minimum spe- 
cific fuel consumption occurs at a temperature below the lowest 
values shown in figure 9. If the limiting compressor pressure ratio 
is 8, the combustion-chamber discharge temperature for minimum spe- 
cific fuel consumption is still less than the lowest temperature 
shown in figure 9(c) for an atmospheric temperature of 412° E but 
approaches an intermediate value of approximately 1710° E for an 
atmospheric temperature of 519° E (fig. 9(b)), The optimum 
com.bustion-gas temperature is also very sensitive to the efficiencies 
of the components of the jet -propulsion units. 

In figure 10(a) the specific fuel consumption and the thrust^ 
ner unit mass rate of air flow are plotted against airplane velocity 
for the conditions listed in the figure for the following cases; 

(a) Compressor pressure ratio chosen to give values of A = 1 

(b) Compressor pressure ratio chosen to give minimum specific 

fuel consumption 
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It is noted that the specific fuel consumption for case (a) is 
■between 15 and 23 percent higher than for. case (’b) for airplane 
velocities hetveen 300 and 600 feet per second; the percentage dif- 
ference in specific fuel consumption is greater at the lower air- 
plane velocities and at the lower atmospheric temperatures. 

The thrust per unit mass rate of air flow is between 21 and 
31 percent higher for case (a) than for case (h) for airplane veloc- 
ities between 300 and 800 feet per second; the greater percentage 
difference in thrust per unit mass rate of air flow occurs at the 
lower airplane velocities and the lower atmospheric temperature. 

Figure 10(b) shows the compressor pressure ratios and the 
values of A that are associated with the performance values given 
in figure 10(a). The large increase in required pressure ratio from 
the condition of A = 1 to the condition of minimum specific fuel 
consumption is noted. 


/ CONCLUSIONS 

The following conclusions are based on an analysis of a turbojet 
system: 

1, Maximum thrust per unit mass rate of air flow occurs at a 
lower compressor pressure ratio than minimum specific fuel con- 
sumption, 

2. Increase in combustion-chamber discharge temperature causes 
an Increase in thrust. An optimum temperature ^ however, exists at 
which minimum specific fuel consumption is obtajned. This tempera- 
ture for minimum specific fuel consumption is at some conditions 
less than the temperature limit imposed by the strength -temperature 
characteristics of the materials of present turbojet units. 

Aircraft Engine Ee search Laboratory, 

National Advisory Committee for Aeronautics, 

Cleveland, Ohio, 
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APPEJIDIX A 


ADDITIONAL SYMBOLS USED IN TEE DEEIVATIONS OF PERFORMANCE EQUATIONS 


' SymUoLs used in the derivations of perfoncance equations, in 
addition to those given in the report, are: 

7a“i 


A' 


factor defined as equal to 


^2 /Pi) ref I 


or A 


7 

a 


average specific heat at constant pressure of the exhaust 
gases during the expansion process. This term, when used 
virh the temperature change accompanying the expansion, 
gi’^es the change in enthalpy per unit mass. 
(3bu)/(slug)(°F) 


average specific heat at constant pressure of the gases 
during the combustion process. This term, when used with 
the temperature change during combustion, is used to deter 
mine the fuel consumption. (Btu)/(slug)(°F) 


specific heat of air at constant pressure at compressor- 
outlet total temperature. It is equal to the enthalpy per 
unit mass (zero enthalpy arbitrarily fixed at absolute zero 
tempera oure) divided by the total temperature. 

3lug)(°F) 

ratio?', r '-'nrictions expressed in terms of physical properties 
."f oxheust gas to same functions expressed in terms of , 
pnyei'c'l properties of cold air. These functions are 
dee'crioed in appendix C. 

total pressure at turbine inlet, (ib/sq ft absolute) 
static pressure at turbine discharge, (ib/sq ft absolute) 


p.(. turbine -shaft horsepower output 

R gas constant of exhaust gas, (ft-lb)/(slug)(®F) 

R^ gas constant of air, (ft-lb)/(slug)C^F) 

gas temperature at turbine discharge, (^R) 

Id s 
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^^53 

reheat due to net turbine loss, (^F) 

^oh 

work obtainable from isentropic expansion of exhaust gas, 
(ft-lb)/(slug) 

7 

I’atio of specific heats of exhaust gas 

% 

density of atmospheric air, (slug/cu ft) 


The 8vib3cr1.pt i refers to the hypothetical case of no burning, no 
turbine in system^ compressor -shaft pover input compressor 

6^’f’iciency 100 percent, and no losses in system beyond compressor. 


I 
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APPEI^DIX B 


, EQJAI'IONS FOR THE PERFORMANCE FIGURES 

The equation numhera correspond to those in the derivation given 
in appendix C . 


Figure 2: 


Y = -r 


^ '^pa '^o ^ ^ °pa V ^ V '^o • 


./ 


(06) 


Pi •> - ^Pd 
Po 


1 /MT 

2 J 519 sjo V To J 


7 

'a 


(C70) 


Flight Mach natiher = Yyi--— — ^0 


-) (072) 


Figure 5: 


L2 6 . 

Pi' \ 1 - V 


(067) 


2 T. 




ref u 


7a 


Figure 4(a); 


(068) 




/ 



r ^4 1 

VVt^T-o"‘J 

/ n’Z'v\ 

/’Ic^t, 

519 

^o 

t SJPpa^lS 

T4 

^ Tq 



7a 


-1 


wiiere A’ = A 
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P’igure 4(b): 


F Jg'ore 5: 


Figure 6: 



T 


(1 + Y Z) 

°pa2 


Tlf 


f = 


Cp (T4 - ?2) 
32.2 h 


. where Cp is determined from unpublished data 


(C62) 


(C29) 


(C27) 


Figure 7(b) 


APd Aa - A 1 

V A ^ \ 


(C43) 


b = 


Po V ’'a y’f + lo ^ 


a 


f — ^ 

{ 1 + Y + 


TU Z ! 
•c y 


y -1 

A" 


(C43) 


F igure 7(c); 



(C50) 
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appendix C 


DEPTV^ATICN OF EG&JATIOKS FOE JFT VELOCITY, THEUST, TEEUST 

HOESEPOVJEH, FUEL CONSUI-IPTION, SPECIFIC FUEL 

CONSUMPTION, AND MISCELLANEOUS EXPEEiSSIONS 

From the mcjnentuai equation the net jet thrust, wiien the el feet 
of the mass of fuel Is neglected, la 

F = M (V, - Vq) (Cla) 

and when the mass of fuel is included 

F = M (V, - V. ) + f M V. (Clh) 

The thrust horsepower developed hy the jet is 

the = F (C2) 


Jet Velocity and Thrust 


Consider the hypothetical case of a unit running Tvltn a coni- 
nressc- efficiency of 100 nercent but with a compress or -shaft power 
input equal to t) P . (that is, the product of the actual compressor 
efficiency by the^actual shaft power input). Also assume no turbine 
in the system and no burning (that is, txhe compressor is conaidered 
to be driven by an engine). The available jet kinetic energy, 
assuming no losses after the compressor but accounting for the losses 
in the Intake system leading to the compressor, is 


M V 






550 ^ 


(C3) 


•21 


The following approximation is accurate for a wide range of 
and Pg/Po* 


7a-l I 

7 , 


M V 


Ji 


M J Cpa,2 T2j 


! \ Ps: 




'2/ 


/ 


(C4) 
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From the conservation of energy, 


pa 


T = — 
o M J c 


550 TicPc V, 


pa 


2 J c 


pa 


( 05 ) 


By definition 


then 


and 


Nov 


APd 



o 



Y = 7^2/2 J Cp^ (06) 

Z = 550 P^,/j Cpa M Tq (07) 


*^pa2 

°pa 


T-2i - Tc 


(1 + Y + Ti^ Z) 


(08) 



(09) 


fZ^-] ^ ^ ""pa ^ i ^a - A 1 
V / V/ " Po V J Y 


( 010 ) 


and equation (09) hecomes 



1 Be - 


^ /> 'a - A l" 
Po V 7a yy 


(oil) 


The compressor energy transferred to the gas in this hypothet- 
ical case is equal to the useful energj'' transferred to the gas in 
the actual case where the shaft power input is and the compressor 

efficiency is . Thus, the compressor-discharge pressure . is 
the same in "both cases. The compressor-discharge temperature for the 
hypothetical case T^^ differs from the true compressor-discharge 

tomporaturo. ¥l\en Vjq and Tgp arc eliminated from equations (04), 
(08), and (Oil), the following relation is obtained: 
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2 J Cpa Tq (1 +Y 4- Tic Z) 


I 





1-^nc 


Y‘Po v^'a j^l 

(C12) 


which is used later to evaluate the compressor outlet pressure p^. 
By definition 


550 

(1 -4 f) M J Cp Tq 

Zli' 

(1 f) M 

2 


(C13) 


Now consider the actual system with burning taking place and 
turbine power being removed to drive the compressor. The jet- 
velocity (when the effect of reheat due to the turbine loss, which 
occurs in the further expansion of the gases from turbine -dischai'ge 
static pressure to atmospheric pressure, is neglected) is given by 


1 

7-] 


1 

V. = c^y 2 J Cp T 4 


550 

(1 .f) 


(C14) 


For simplification, the effect of the weight of the fuel injected 
will be neglected by dropping the term f in equation (C14). The 
effect of the presence of the fuel on the jet velocity Vj can be 
taken into account in the subsequent equations and charts for Vj 
by using, for the value of r|^, the product of the turbine effi- 
ciency and 1 -I- f, as the quantities T)^ and f appear only as 
the product (T -t- f) in equation (C14) . Now 



When the last term of equation (C15) is expanded into a series, 
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1 , („„■ 

? Pp ' ■ 

Cj 

for sraall ^P(3-4)/P2* Since only enough turbine jjower is removed 
to drive the compressor 

= Pq (Cl / ) 

When equations (C15)^ (CIS), and (ClV) are substituted into 
equation (C14), 




and 



(C20) 


Vni6n Bq^ua.'tions (C7)^ (Cl.2)^ (CIT.9)^ and (C20) ane used In eQuation (C18) , 




1 / T. 

\i 


or 


1 +T1. 


Z ^Pd Pa--> 1 


\ ') 


(l + Y + n^Z) 


/ ; 

’ T4 Yo 




'(n-% D 


vj-z 


\j 1+Y+T1,^Z HtY 

where e is defined hy the relation 


K -K’ 




^ + He Y 


Z ^Pd Aa"A 


Po 


) 


'a / 


nfJ 

(c2i; 

(022) 


DO 

0 !) 


£ = 


1 - 


''fa f^', 


1\ 
a \ 


1 


V y (y 


+ ^eZ) 


7»-P 


(i + Y+ri^z) 

K_K' ^2 \^a/\ Vq^ A^S/ • ^ 


, Z ^^d /Va-A 1 


(C23) 
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Equation (C22) can be written 


/ T4 & 'He ‘^v 2, 

V, - c 5- 


Wiien equation (C24) is substituted in equation (Cla) 


F = M (Vj - Vq) = M 


T4 


D + n. (Z/Y)J c 2 z 




n^-Yf q~zT'A r 


'V 

and equation (C6) is used in equation (C25) 


- 1 


(C24) 


(C25) 


M^T 



-v^ 


(C26) 


. f S - ^2) 
\ ^ “ 32.2 h 


(C27) 


From the conservation of energy 


°pa2 ^2 - *^pa '^’o ^ 2J ^ M j' 


(028) 


S 0 "bliO.'b 


’'2 = ■'o (> » 

pa2 


(029) 


Pressure Patio for 0ptim\mi Thrust 

For a given Y^, Tq, T 4 , t)^, and 0^, neglecting the 

change in e due to a change in Z, the maximum thrust per unit 

mass rate of air flow with respect to compressor power input (or 
pressure ratio) is obtained when 
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^ (tIc 2.) 



= 0 = Cv^e 


Toll 


^- + Y + Tie 'Ll t|q T|^ 


2 p 2 

^ (C30) 


from which 


1 + Y + (t 1(, - Joc 'H-t ^ 


(C31) 


Define A' hy the relation 


A' = 


1 + Y + Tie Z 

1 + Y + (Tic ^)^ef 


(C32) 


1 + Y + Tic Z = A- !\^c ’ll ^ 


T, 


(C33) 


Jet Velocity, Thrust, Gind Specific Fuel Consumption 
in Terms of the Factor A' 

Equation (C24) can he written 


2 (Y + no z) V Ho z 

') ■ W " 5^ (1 + Y + no z) ■■ no It 


(C34) 


When eq.uation (C33) l3 use! in ©q.uation (C34), 



and 
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V 


/ncnt 


'\ n 


J‘lt 'o / -^4 / 1\ / M 

■2" " rjWt 1 Y 


(C36} 


V,nien -equation (C6) ns sutntituted in equation (C36), 


hc'^t l519 _ [519 


''jycT' VC ' 


^o^-^2JCp3 519 


T4 ^ 1\ ' ^’4 

\''it ^ Ay V^c''lt ly ^ 


(037) 


Equation (C26) 'becomes in teimis of A' 


W- 519 


M 


r , — — 

'Cv‘2' f 


pa 


l'\ 


A“>y\^t ^ ^ ^ 

(038) 


The fuel consumption per unit thrust is obtained from equa- 
tions (027) and (0.38) and is 



T4 - T2 


^ '^4 / 1'^ f ^4 

r- -CVvt'r 


( 039 ) 


Evaluation of the Correction Factor c 


Fraa equations (012) and (06) 
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vmen eauation (C4C) is used in eq.uation (C23) , 


APd / ^a-l\ 1 


Po V ^ 


a 


■y ty + Ti’cZj 


<K- K ' 


^g(2-4)/V^' 
P2 


m 


I 


1 + 


i 

Po \ ’'a /!! 


^Pd / 

Y + nc ^ - 

Po 




or 


e = K 


let 


(C41) 

/ApA/7 - IN 


1 M _ ir- fi£l] I' "Uyv^a'i 

Po \7a y V ^ ^2 \ ^a y (Y + Z) 


APd />a " f 1 ■ \ 

^ Po'l /V ^ 7 


(C42) 


(C43) 


and. 


b = 


^V, N /7 - IN 

(2-4) / a 


1 + 


Po V / 


P2 


7 


a 


; 


Y + T)^ Z 


(C44) 


When equation (C40) is used in equation (C44) and the 


Po \ Ja. I 

term in the numerator is neglected because it is small in compariscn 
with unity ^ 


^P(2-4) 7a]3 


b = 


(- 


>'a / 


Y + Z 


1 + Y + ^ p 2 y 




Ya-l 


(C4.5) 


TVhen equations (C43) and (C45) are substituted into equation 


e = K (1 - a) - K> b 
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The terms K and K' are close to unity in ■value whereas the 
values of a and h"— are smadl in comparison ■with unity; therefore, 
only a very small error is introduced by letting 


e = K - a - b 

Defining the quantity c as 

c = K - 1 

then I 

c=l-a~b + c 

Now 


(C46) 


(C47) 


(C43) 


K = 


^th/^ ^4 


/ 7a ^ 

xa V L 


) -Gi 


E 

y -IT B 

7 


a 


a 


(C49) 


where the values of ai*e obtained from refei'ence 5. These 

values con'eapond to the required temperature and pressure 

ratio pg/p^. Therefore, 


c = 


^ th/^ ^4 


/' ^a \ 

r ’'a-l'' 

Va V 

L 'W J 


2 

E 


(C50) 


a 


Correction for Heheat Accompanying Irreversibility in the Turbins 

The actual Jet velocity including the reheat in the turbine is 
given by the equation 


^J^ 2 

Q Z ' ^5 " ^ ^5 s 

V 


/Po^ 


7 


(C51) 
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from wh^ch the folloving equation In terms of differentials is 
obtained : 


■Vi 

2 --i- dV, = 2 J c,, 

c.i ^ 


Vj’Ssx' 


Zzi 

7 


dT 


5s 


(C52) 


When equation (C5l) is used in equation (C52), 


2 dY . f ^3.^ 


(C53) 


Tc;g is the independent variable^ therefore 

^^58 = ^'"bs 

For small values of AT,-, the following equation .is very nearly 
true : 


AY.. = dY 


J 


(C54,' 


, If these expressions for dTq and dY^, are used in equa- 
tion (C53) ^ 


AY 


,i 1 




■ V^'J 


^5s 


ATc;g IS the amount of reheat and is equal to 

550 


AT 


- 1^ 


5s - M J Op yT-,^ 
whereas the gas temperature at the turbine discharge 


(C55) 


(C5P) 


550 Pf. Yc2 

^5s - ^4 - y[-jT~ ■ Tj c.„ 

tJ M 


(C57) 


Wlien equations (C6), (C7), and (C17) are used in equa- 
tions (C56) and (C57), 

^na^ / 1 A 


^ ^o(rf)( 4 - - y 


(C58) 
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and, 

t5.cn 


or 


The 

vith 


= T. - Z T^ / Y T "S2l 

uS *± O’vr*/ O O 






f] 

c. 


(59) 


vhen equati-ons (053) and (G59) are substituted into equa- 
(C55), 




AV 


1 - 


1 . 1 1,5, ipa _ > 

y ! “ “ =p v\ -J 


V 


V C, 

T' f*/ Ti ^ v" nn ♦ P^ 

4 ’ -^G C “■ 2 c 

p y ^ 

o 


(C60) 




AYj 

V.i 


!■ 1 |/1 _ A 

' ..!i. !p_ . 1 . I§Il 

7 ^ “^pa V ^ Z 


(C61) 


0/0 

Y/Vq"" Z term :I.n the denominator is small :in comparlsca 
(T 4 /T 0 z) ( ^■p/c-oa) ■" 1 neglected^ resulting in 


/'CvVs'^i 


AV. 


^p-'-vyy 


/i .^ 


4 

°pa 


- 1 


(C62) 


Derivation of Miscellaneous Expressions 


(a) 


•n Z = T] 

•C ‘C V( T 


550 ?, 


^ J ^na To 


(C63) 


where the compressor power ?s accurately given for a wide range of 
compressor pressure ratios and compressor inlet temperatures hy the 
relation 
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" 550 T) 


vpi; 


1 1 

J 


and 


(CS4) 


T-, = f o— V” = U + Y) 


'o 2 J c 


t)a 


Wli©a eg^i'.a'fcicas (C64) arid (C65) are used in eauat-i-on (C63 ) , 

~i 


z = (1 + y) 

c 


/Pp'\^a I 

{ — ! - 1! 

Vp' y i 


(C65) 


(C66) 


or 


_2a_ 

^ 7 "-L 

,/ r\^ Z \a 


P2 /, '!c 

= vt " r-riy 


(C67) 


(b) XThen equation (Col) is substituted into equation (C67), 

7a 

■Ty 

. (C68) 


/P_2^ 

Ui; 


'.1—1 Vt'i: 


ref 




(c) The ideal ram pressure ratio is 


7a 

Pi ^ ^Pd 

pq V5*oy 

and when equations (C65) and (C6) are used in equation (C6S) 


(C69) 


a 


-i 




2Jc 


i (v a/|^] ! (C70) 

519 Vo^/Tq y J 


(d) The Mach number at the inlet to the unit (or the flight 
Mach number) is 
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i lipjat Mach number = ^Q/'\/7g 


(C71) 


“pa '-5 V° 
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VVy 


or. when eq^i'.at.’.on (C6) Is used in eq^’aation (C7l), 


Flight Mach ruamber = ^ . y (C 3) 
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Figure I. - Schematic diagram of the turbojet system. 
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Figure 2.- Chart for 
total pressure for 


determining Y# flight Mach number, and compressor Inlet 
various airplane velocities and atmospheric temperatures. 
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Fig. 3 



•fcz 

Figure 3. - Chart for determining the reference compressor 

pressure ratio for various values of T]^T)^€ J_4 / \ ^ and 

To Vl+Y/ 

the compressor pressure ratio for various values of Y and 

rj^Z. (A 19— “in. b> 28 “in. print of this chart is enclosed 
2 

with the report.) 
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(a) Effect of turbine reheat In further expansion from turbine ^ /5^9 at any Vq, ft/eeo 

dl'schax^e static pressure to atmospheric pressure Is J I — ^ / 

neglected. V Cy >/ T© 

ngur. 4. - Chart for dot.r.lning J .t ..loclt,. (This chart has bean dlvU.d into two s.ctions, an 18-U. b, 3S'-i». s.clloh and a 32'-ln.-by 

36-in. section, both of which are enclosed with the report.) 
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(b) Correction to Jet velocity due to reheat In turbine. 
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Figure 5. ^ Chart for dete.rmlnlng the compressor outlet total temperature for various 

values of the factor (1 + Y *► 2)« 
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(a) Correction a. 
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(b) Correction b, f 



(c) Correction c* 

Figure 7. - Chart for determining the factor e. (c » 1-a-b+c). 
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Figure 8. — Fuel rate per unit thrust and thrust per \inlt mass rate of air flow for various 
compressor pressxnre ratios and eombustlon-charrber discharge temperatures for illustrative 
case. (Vq, 0 ft/sec; 619® R| r)^, 0.85j 0.90 j 0.96; h, 18,900 Btu/lbj Cy# 0.97; 

1 * 00 * ) 
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Figure 9# '** Compressor pressure ratio and fuel rate per unit thrust for various thrusts per unit 
mass rate of air flow and combustion-chamber discharge temperatures for illustrative case. 

(Tig, 0 . 86 | 0.90; ti^, 0.96; h, 18,900 Btu/lb| Cy# 0.97; C, 1 . 00 .) 
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Figure 9 . - Continued. 
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(a) Specific fuel consumption and thrust per unit air flow at various airplane 
velocities. 

Figure 10,- Performance of Jet-propulsl on unit at conditions for minimum specific fuel consumption 
and for pressure ratios giving A=1 for Illustrative case, (T4, 1960° R: 0,90< 

T)f, 0.96; Cy, 0,97; h, 18,900 Btu/lb; 6, 1,00. ) 
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Figure 10.- Concluded. 


